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Abstract 
The aim of this study is to analyse the environmental impacts (EIs) of the process of preparation of new 
biocomposite materials obtained from polylactide (PLA) and chicken feathers (CFs). Two CFs 
stabilization methods and different percentages of CFs have been studied. The EIs of these new 
composites were compared to the impact of virgin PLA. Cradle-to-gate life cycle inventories were 
assessed for 0% to 35% v/v of CFs in a CFs/PLA biocomposite. Two CFs stabilization processes, 
autoclave and surfactant, were tested and compared with the aim to prioritize one of them from the 
environmental point of view. A composite plate of 184x184x2.2 mm3 was defined as the functional unit. 
Autoclave stabilization process exhibited lower environmental impact compared with surfactant 
stabilization process mainly due to both the lower requirements of electricity and water and the reduced 
pollution loads of the generated wastewater. Thus, the autoclave process was selected as the standard 
method when comparing the EIs of the proposed CFs/PLA biocomposites. In this sense, the addition of 
CFs to PLA matrix proportionally reduces all the EIs compared to pure PLA due to the replacement of 
PLA with CFs. This behaviour can be explained because the PLA production accounts for the 99% of the 
impact of the biocomposite. Consequently, CFs conveniently stabilized might be an alternative raw 
material to prepare CFs/PLA biocomposites with less environmental impact compared to pure PLA.  
Keywords: Chicken feathers. Biocomposites. Green composites, Waste recovering, Life cycle assessment 
(LCA). Polylactide (PLA). 
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1 Introduction 
Plastic composite materials are made of a polymer matrix and a reinforcement (e.g. particles, fibres, 
fabric), which originally were synthetic (such as fiberglass, aramid or carbon fibres). Nevertheless, since 
1990’s a ground-breaking has been made in the research and development of composite materials by the 
proposal of using many natural fibres, mainly of vegetable origin such as hemp or flax as reinforcement 
to obtain biocomposites [1–4]. In spite of the advantages of biocomposites, it is important to ponder the 
technical drawbacks of these natural fibres and their environmental impacts (EIs) [5]. Some authors have 
stated that bio-based materials may, in some cases, have more EIs than their conventional plastics (fossil 
fuel-derived polymers) [6]. In this sense, it is worth mentioning that plant fibres imply a land use that can 
compete with food production. 
In contrast, alternative biogenic materials such as keratine-based chicken feathers (CFs) derived from 
waste of poultry industry can be a potential alternative [7–11] as they are a waste material, produced in 
large quantities, with properties similar to wool [12], that do not compete with human food production 
and have been scarcely used up to now [13]. CFs are an abundant, ubiquitously, economic and biogenic 
keratin waste[14]. Global production and world consumption of chicken meat has grown by 17% in the 
last 5 years [15]. Accordingly, the waste generated in the production process has increased at the same 
extend. CFs are a part of such waste, representing 6% of the live weight of the animal [16, 17]. 
Worldwide production of CFs reached about 6.000.000 tons in 2012. The European annual contribution 
(EU-27) is about 700.000 tones, being Spain the fifth contributor in the EU-27 [15]. 
This paper presents the results obtained from the life cycle assessment (LCA) of a bio-based 
biocomposite made of polylactide (PLA), as the polymer matrix, and CFs. The replacement of PLA 
matrix with CFs is expected to offer environmental advantages since the production of biodegradable or 
bio-based plastic composites in a sustainable manner could reduce the noticeable EIs of using 
conventional plastic and composites, which not only consume non-renewable energy finite resources 
(fossil fuel derived polymers), but also impact heavily upon waste disposal[18]. It is worth considering 
that the composite material was engineered to have the highest proportion of CFs having similar 
mechanical properties (Young’s Modulus, yield strength and density [19]) to acrylonitrile butadiene 
styrene (ABS), polypropylene (PP) or Polyamide [20]. 
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Therefore, CFs could be valorised to manufacture environmentally friendly composites for application in 
several industries such as construction, automotive, packaging, textile, etc. due to its particular physical 
and mechanical properties, such as light weight and specific modulus and tensile strength [8, 21–25]. 
PLA has been selected as the polymeric matrix due to its mechanical properties, being one of the 
preferred polymers among bioplastics [26–28]. 
Hence, this study aims to provide a comprehensive cradle-to-gate life cycle inventory (LCI) on CFs/PLA 
biocomposites to investigate their environmental load. Several CFs stabilization methods and different 
percentages of CFs have been studied. The environmental impact of these new composites was compared 
to the impact of virgin PLA. To the best of our knowledge, such a study is reported here for the first time 
despite the fact that the number of publications regarding either composites or biocomposites containing 
CFs has grown considerable in the last decade, being most of them included in a recent review [29]. 
2 Materials and methods 
2.1 Goal, functional unit and scope 
The goal of this study is to assess the EIs of new developed composite materials obtained with CFs and 
PLA. Several amounts of CFs (from 0% to 35% v/v of CFs) have been analyzed. The EIs of this new 
material were compared to the EIs of using neat PLA in order to assess the potential environmental 
benefits of introducing CFs in the plastic material. Additionally, two CFs stabilization processes were 
tested, compared and analyzed with the aim to prioritize the most environmentally friendly one. 
Given the adequate mechanical properties of the new composite material tested in our laboratory [19, 30], 
a composite plate of 184x184x2.2 mm3 was defined as the functional unit in this study for calculation and 
comparative purposes. 
In this study, a volume functional unit has been considered rather than a mass functional unit because the 
differences between the densities of composites cannot be overlooked [1]. Previous studies carried out by 
our research group revealed that CFs have lower density than PLA [31]. Therefore the specific volume of 
the composite is strongly depending on the percentage of CFs in it. Accordingly, industrial specifications 
for the production of a product will be related to a volume rather than a mass. 
This study includes the three main steps required for the preparation of a CFs/PLA biocomposite: chicken 
feathers stabilization, crushing and composite plate manufacturing. First, CFs were pre-treated to 
transform them into a stable technical material (stabilization process). Two different stabilization 
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processes were considered: i) treatment with a cationic benzalkonium chloride type surfactant and ii) 
treatment with steam in autoclave. The second step involved the crushing process to reduce the particle 
size of the CFs (1 mm or less) and the subsequent drying. At last, a selected percentage (10, 20 or 35% 
v/v) of the stabilized crushed chicken feathers (SCCF) was blended with PLA to obtain the functional 
unit. A detailed block diagram of the complete process of manufacturing a CFs/PLA composite plate is 
shown in Figure 1. 
Current study considers the poultry raising out of the scope, as CFs are an inexpensive product in this 
process. A discussion about the effect of the inclusion of the EIs of the poultry raising activity is offered 
in sections 2.2.4 (allocation) and section 4 (discussion) of the manuscript. 
The following EIs lie beyond the scope of the study: the construction of the building and the manufacture 
of machines. Moreover, transports are not considered since its environmental burdens may be considered 
negligible taking into account that the location of the plant is not defined at present and the CFs 
stabilization should be placed in a location nearby the slaughterhouse. 
Data sources were thoroughly checked in order to elude those considered unreliable. Foreground data 
from CFs stabilization, crushing and manufacturing processes consist of a mean from several laboratory 
measures. Composition data from cationic surfactant used in stabilization process were provided by the 
manufacturer. Environmental data related to the components of the surfactant were assessed using 
ecoinvent 3.0 database [32]. Wastewaters generated by both the autoclave and surfactant stabilization 
processes were analysed applying Standard Methods [33]. In the case of PLA inventory, data were 
collected from most recent data published by NatureWorks for ecoinvent 3.0 database. 
Besides, background data were obtained from ecoinvent 3.0 database [32]. 
2.2 Life cycle inventory (LCI) 
Four CFs/PLA composite plates (184x184x2.2 mm3) were considered; the studied proportions of CFs 
were 0%, 10%, 20% and 35% v/v. Detailed data from this LCI study are summarized in Table I and Table 
II and results are discussed below. 
2.2.1 Stabilization processes 
CFs used in this study came from the slaughterhouse. There, they were incorporated to the scalding water 
bath and impregnated with other organic waste (such as fat, blood or sludge) [34]. For this reason, CFs 
are often subjected to rapid degradation processes and it is necessary to transform them into a technical 
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material through a stabilization process. Two stabilization processes, with autoclave or with surfactant, 
have been studied in order to compare them from the environmental point of view. 
The surfactant stabilization process consisted in washing CFs with a cationic benzalconium surfactant 
solution at a concentration of 0,7% v/v during 1 hour with a bath ratio of 40:1 in a lab washing apparatus 
with controlled conditions (Linitest®), followed by rinsing with 500 ml of deionized water. Once washed, 
CFs were dried at 60 °C for 24 hours in a hot air oven. 
Energy consumptions associated with the washing process were determined considering the washing time 
and the laboratory washing equipment power measured with a wattmeter, while energy consumptions 
associated with the drying process were theoretically calculated taking into account both the specific heat 
capacity of the CFs, with a value of 1,31  0,10 kJ/kg K that was experimentally determined by 
Differential Scanning Calorimetry (DSC) analysis, and the water content, with an average of 41% [31]. 
The Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD5), suspended solids, oils, total 
nitrogen (by Kjeldalh method) present in wastewater generated in this process were also analysed and 
considered for the assessment of the EIs. 
Besides, autoclave consisted in sanitizing CFs with steam at 135 ºC for 20 minutes, followed by a CFs 
drying step as stated before. Energy consumptions associated with the sanitizing and drying steps were 
determined as in the case of surfactant stabilization. Likewise, wastewater generated was analyzed 
following the above mentioned tests. 
2.2.2 Crushing process 
The following step consisted in crushing stabilized CFs with a cutting mill machine (RETSCH SM 100, 
Germany) to a maximum size of 1 mm. After that, CFs were dried in order to eliminate the remaining 
humidity. The energy consumption involved in the cutting mill was measured experimentally in the 
laboratory considering the crushing time and the cutting mill machine power measured with a wattmeter. 
The energy consumption of the drying step has been calculated theoretically as stated before. 
The inputs and outputs associated with both processes, stabilization and crushing, are shown in Table I. 
2.2.3 Plate manufacturing process 
CFs/PLA composites were prepared using a compounding laboratory machine following the process 
reported elsewhere [30]. Briefly, preparation of the composite material involved compounding the 
selected percentage of SCCFs (10, 20 or 35 % v/v) with the PLA matrix in a heated mixer and, 
subsequently, conforming the mixture by hot-pressing to obtain the composite material (see Figure 1). 
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Particularly, matrix and SCCFs filler were mixed using a Brabender mixer type W 50 EHT PL 
(Brabender® GmbH & Co. KG, Germany) heated at 180 ºC for 5 min at 50 rpm. After mixing, the blend 
was consolidated at 100 kN and 180 ºC for 5 min in a Collin Mod. P 200E (Dr. Collin GmbH, Germany) 
hot plates press machine forming square plates, measuring 184 x 184 x 2.2 mm3. 
For the assessment of neat PLA, the most recent data related to the process production were used, i.e. the 
data published by ecoinvent 3.0 for SimaPro version 8.0 software [35]. Energy consumption data 
corresponding to the manufacture of the biocomposite plate were experimentally collected with a power 
grid analyser under steady state conditions. Data revealed that the energy consumption is independent of 
the percentage of SCCFs used, at least in the studied range (between 0 to 35% v/v), hence energy 
consumption was equal for all the composite plates. Table II summarizes the inventory data regarding the 
material and energy consumption necessary for the preparation of composite plates including different 
percentage of SCCFs filler (% v/v). 
2.2.4 Allocation 
The allocation rules between the meat production and the feathers deserve a special mention. Although 
the rising and breeding of chicken for chicken meat production is a process with high EIs [34], the 
impacts related to chicken production should not be allocated to feathers (which account for the 5-7% 
weight of the animal's live weight [17]). Taking into account the ILCD handbook published by the 
European Commission, Join Research Center [36], it is crucial to determine the causal relationships 
between each non-functional flow and the co-products as a first criterion. CFs are inexpensive wastes of 
the chicken meat production [37], and there is not causal or economic relationship between the raising of 
poultry (non-fuctional flow) and the CFs (co-products). All the flows needed for fattening, as well as the 
chemicals used for the de-feathering are only imputable to the chicken meat. 
Consequently, we have excluded those environmental impacts strictly attributed to chicken meat 
production. 
2.3 Life Cycle assessment (LCA) 
2.3.1 Selection of impact categories (IC) 
Inputs and outputs of elementary flows were translated into impact indicator results [38] and only 
classification and characterization steps were considered. For classification, all the inventory data were 
assigned into ICs according to their contribution to different environmental problems. For 
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characterization, elementary flows were modelled to quantify their contribution to each IC and results 
were aggregated per IC. Since there is no scientific consensus regarding which ICs should be considered 
when assessing the EIs associated with biopolymers and composites [39], the following ICs from the 
CML-IA baseline calculation method [40] were selected: abiotic depletion, abiotic depletion (fossil fuels), 
global warming (GWP100a), ozone layer depletion (ODP), human toxicity, fresh water aquatic 
ecotoxicity, marine aquatic ecotoxicity, terrestrial ecotoxicity, photochemical oxidation, acidification and 
eutrophication. Furthermore, due to the biogenic origin of the PLA the inclusion of land use indicators 
has been considered. These land use indicators (agricultural and urban land occupation and natural land 
transformation) have been adapted from the ReCiPe method [41]. 
3 Results 
3.1 Stabilization process 
Previous studies conducted by our team revealed that the type of CFs stabilization process does not 
significantly affect the mechanical properties of the composites within the range of CFs compositions 
studied [24]. Thus, the inventory data related to the stabilization processes studied was taken into account 
in order to compare them from the environmental point of view with the aim to prioritize one of them. 
The results of impact characterization (Table III) indicated that, for all the EIs categories, the autoclave 
stabilization method exhibited lower EIs compared with the surfactant method. This is mainly caused by 
ten-fold lower consumption of energy (1.1 kJ/g of CF in autoclave vs 12.5 kJ/g of CF in surfactant) and 
water (from 40 g/g of CF in autoclave to 240 g/g of CF in surfactant) of the autoclave process. In 
addition, the autoclave process yielded wastewater with a lower content of pollutants. The higher 
pollutant loads and water needs of the surfactant process are a consequence of the nature of the process 
itself, which is based in a washing water bath. In this case, the bath ratio was to be high enough to cover 
the CFs and as a result higher amount of water was needed compared to the autoclave method. Moreover, 
the mechanical action induced during the surfactant method removed more efficiently the organic matter 
localized onto the surface of the CFs contributing to the increase of the pollutants in the wastewater. 
Conversely, this mechanical action was absent in the autoclave process since the sterilization was 
produced by the action of steam on a static packed column of CFs. 
To sum up, from the environmental point of view, it was demonstrated that the best stabilization method 
for cleaning CFs was the autoclave process. Accordingly, this method was selected as the standard to 
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efficiently stabilize the CFs in the following experiments. Thus, on account of the fact that the following 
steps for the production of the composite plate (crushing and plate manufacturing) were independent of 
the CFs stabilization process used, only inventory data related to the autoclave process were used to 
assess the EIs of compounding and conforming the targeted composite materials. 
3.2 Compounding and conforming the CFs/PLA composites 
The environmental impact for preparing CFs/PLA composites, using CFs stabilized by autoclave and the 
PLA matrix, was analysed taking into account the inventory data corresponding to the processes of 
autoclave stabilization, crushing (Table I) and manufacturing of the composite plate (Table II). Main 
results obtained are shown in Figure 2. These results revealed that the addition of CFs significantly 
reduced all the EIs considered for the loaded composite materials compared to pure PLA. Indeed, the 
increase on the CFs percentage in a CFs/PLA composite plate involved environmental benefits since the 
amount of PLA required to prepare the composite was reduced, reducing the environmental impacts 
related to the use of PLA. Looking in deeper detail it can be detected than the observed impact reduction 
caused by the addition of CFs was directly proportional to the amount of PLA replaced for all the ICs 
studied. This behaviour can be explained taking into account that the PLA production accounts for the 
99% of the EIs of the biocomposite in all the analized ICs considered (Figure 3 and Table IV), even when 
the highest amount of CFs is considered. 
When analysing EIs of PLA in greater depth, it can be seen that the major impacts are due to the maize 
grain production and the energy consumption in the PLA plant production, see Figure 4. 
4 Discussion 
Despite the noticeable EIs related to PLA production that have been identified, PLA is one of the 
preferred bioplastics with a lower environmental impact compared to conventional plastics (fossil 
derived) [5, 10, 26, 27]. In this sense, the use of PLA as a matrix to prepare biocomposites has some 
advantages from the environmental point of view. However, as it has been demonstrated in this study and 
in previous works [42], the main EIs of the PLA-based biocomposites come primarily from the PLA 
production. So the addition of CFs to PLA matrix might be presented as a solution to reduce the EIs 
associated with the biocomposite preparation. Particularly, from the results of this study, the presence of 
CFs reduces the EIs proportionally to the percentage of CFs added since the contribution of the CFs to the 
EIs is very low compared to the PLA (Figure 3). In this sense, the same trend was observed when using 
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natural cellulosic fibers (i.e. flax fibers). However, it is important to remark that when flax is combined 
with PLA, the EIs related to the flax are higher than the corresponding to CFs [42]. Thus, CFs can be 
thought as a more environmentally friendly alternative compared to flax fibers. 
As regards to the resource utilization, some key aspects can be considered. On the one hand, the 
incorporation of biogenic CFs waste into composite materials (up to 35 % v/v) prevents their disposal or 
incineration and therefore a better use of the resources. On the other hand, the incorporation of increasing 
amounts of CFs into composites would reduce the depletion of alternative natural resources (such as flax 
or jute) as well as the consumption of polymeric matrices derived from biomass (i.e. PLA) or fossil 
(conventional thermoplastics) resources. 
Recyclability is another factor worth considering. In this sense, although these biocomposites are difficult 
to recycle, the use of both a biodegradable matrix and a biodegradable filler would allow the valorisation 
of composite waste as compost [39]. 
The introduction of CFs in PLA composites proportionally decreases all ICs studied, such as land 
occupation or abiotic depletion, all related to the production of PLA. Besides, it is worthy to emphasise 
that the incorporation of low density CFs (0.9 g/cm3) [31] in composites for a specific application may 
also indirectly contribute to lower the environmental footprint due to the potential savings that can be 
achieved if the targeted products are used for instance in transportation, what was not considered in this 
work. 
Taking into account the aforementioned allocation rules [36], the impact of breeding chicken should not 
be considered in this study because CFs are judged as worthless waste derived from the chicken meat 
production process [37]. Even bearing in mind that fact, an estimation of the effect of this factor has been 
made in order to evaluate the theoretical impact of such allocation. To do so, values of EIs due to raising 
and slaughtering chickens that are available in the literature [34, 43] have been taken. In particular these 
references allow us to analyse some ICs (Abiotic depletion, acidification, eutrophication, global warming, 
terrestrial ecotoxicity and photochemical oxidation) related to up to five possible scenarios that differ 
from each other in both the functional unit and the percentage of meat produced per chicken. In all cases, 
the mass of CFs has been considered as a 6% of the whole animal weight [17]. With these premises, it has 
been verified that, for the ICs considered in this study, the variation provoked by these additional impacts 
does not exceed 3%, except in the category of abiotic depletion where farming represents a 98% of the 
impact due to the feed production (see Table V for results of the analysis). 
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5 Conclusions 
It has been proved that CFs, conveniently stabilized, might be an alternative raw material to prepare 
CFs/PLA bio-based composites with less environmental impact compared with neat PLA materials since 
a proportional reduction of EIs was pointed out when increasing the percentage of CFs in the composite 
plate. Consequently, the industrial use of CFs for preparation of bio-based composites could potentially 
consume a high percentage of the annually generated CFs that are currently discarded and treated as a 
solid waste. 
From the environmental point of view, if an industrial production of the CFs/PLA biocomposites were 
implemented, the autoclave process should be considered as stabilization treatment since this treatment 
has shown lower EIs due to the lower consumption of resources, such as water and energy, and the lower 
loads found in wastewater, compared to those involved in the washing with surfactant. 
6 Recommendations and perspectives 
It is worth to note that inventory data related with CFs stabilization and compounding steps considered in 
this LCA study were mainly recorded at laboratory scale because this new material is currently under 
investigation. In this sense, it would be interesting to extend the study to potential scenarios at industrial 
plant scale to better identify and quantify the environmental profile of the production process of a specific 
product made of CFs/PLA for an interested industrial sector (f.i., automotive or construction). As 
mentioned before, this work was not focused on any targeted industrial product. Consequently, this study 
did not include the EIs associated to these new composite materials at the end of its life. Nevertheless, it 
would be advisable to include those EIs in future works related to any targeted product so as to have a 
complete analysis of the life cycle of the material and also to draw more accurate conclusions. 
The avoided burdens due to the valorization of CFs waste are another factor worth considering. There is a 
lack on bibliographic data related to the quantification of the EIs caused by the management of the 
feathers as a waste. In this direction it seems advisable to extend this work in the future to include 
feathers waste management scenarios (incineration, land filling, industrial processing to prepare 
hydrolysates for pet food production) to set up an accurate database supported by experimental studies. 
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Figure 1: Scope of the manufacturing of a PLA/CFs composite plate. 
Figure 1
Figure 2: Characterization of composite plates with different % of CFs with CML-IA EU25 modified method 
and excluding infrastructure processes and long-term emissions. 
Figure 2
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Figure 3 CML Characterization factors of composite plate with 20% of CFs with CML-IA EU25 modified 
method and excluding infrastructure processes and long-term emissions. 
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Figure 4: CML Characterization factors of PLA with CML-IA EU25 modified method and excluding 
infrastructure processes and long-term emissions. 
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Table I: Stabilization and crushing processes inventory data. 
Step Materials and energy Value 
per g of 
material 
input of 
the 
process 
Unit Value 
per g of 
SCCF 
Unit 
Stabilization process Autoclave 
Inputs Chicken feathers (CF) 
(41% of water content) 
1.0 g 2.2 
g/g 
SCCF 
Electricity 
1.1 kJ/gCF 2.4 
kJ/g 
SCCF 
Deionised water 
40.0 g/gCF 88.9 
g/g 
SCCF 
Outputs Wastewater COD 
12.9 mg/gCF 28.7 
mg/g 
SCCF 
BOD5 
0.7 mg/gCF 1.6 
mg/g 
SCCF 
Suspended solids 
0.06 mg/gCF 0.1 
mg/g 
SCCF 
Oils 
0.1 mg/gCF 0.2 
mg/g 
SCCF 
Total nitrogen 
1.0 mg/gCF 2.2 
mg/g 
SCCF 
Intermediate product Stabilized feathers (SCF) 
0.5 g/gCF 1.1 
g/g 
SCCF 
Stabilization process Surfactant 
Inputs Chicken feathers (CF) 
(41% of water content) 
1.0 g 2.8 
g/g 
SCCF 
Electricity 
12.5 kJ/gCF 34.7 
kJ/g 
SCCF 
Deionised water 
240 g/gCF 667 
g/g 
SCCF 
Surfactant 
Dimethylamine 
0.15 g/gCF 0.4 
g/g 
SCCF 
Benzil chloride 
0.08 g/gCF 0.2 
g/g 
SCCF 
Sodium hydroxide 25% 
0.32 mg/gCF 0.94 
mg/g 
SCCF 
Deinonized water 
0.04 g/gCF 0.1 
g/g 
SCCF 
Isopropanol 
0.01 g/gCF 0.03 
g/g 
SCCF 
Outputs Wastewater COD 
780.7 mg/gCF 2169 
mg/g 
SCCF 
BOD5 
50.2 mg/gCF 139 
mg/g 
SCCF 
Suspended solids 
49.7 mg/gCF 138 
mg/g 
SCCF 
Oils 
0.02 mg/gCF 0.06 
mg/g 
SCCF 
Table I
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Total nitrogen 
14.4 mg/gCF 40.0 
mg/g 
SCCF 
Intermediate product Stabilized feathers (SCF) 
0.4 g/gCF 1.1 
g/g 
SCCF 
Crushing process 
Intermediate product Stabilized feathers (SCF) 
1.0 g 1.1 
g/g 
SCCF 
Inputs Electricity 
14.1 kJ/gSCF 15.7 
kJ/g 
SCCF 
Outputs Stabilized crushed feathers 
(SCCF) 
0.9 g/gSCF 1.0 
g/g 
SCCF 
1 
1 
Table II: Inventory data for the preparation of composite plates of 184x184x2.2 mm3 with different 
percentages of CFs as filler (FU represent the functional unit). 
Materials and energy Value Unit 
Plate manufacturing process 
Composite 100% PLA 
Inputs Stabilized crushed feathers (SCCF) 0 g/FU 
PLA 102.4 g/FU 
Electricity 761.5 kJ/FU 
Output Plate 1 unit 
Composite 90% PLA – 10% CFs 
Inputs Stabilized crushed feathers (SCCF) 7.9 g/FU 
PLA 92.2 g/FU 
Electricity 759.9 kJ/FU 
Output Plate 1 unit 
Composite 80% PLA – 20% CFs 
Inputs Stabilized crushed feathers (SCCF) 15.7 g/FU 
PLA 81.9 g/FU 
Electricity 758.2 kJ/FU 
Output Plate 1 unit 
Composite 65% PLA – 35% CFs 
Inputs Stabilized crushed feathers (SCCF) 27.5 g/FU 
PLA 66.6 g/FU 
Electricity 755.8 kJ/FU 
Output Plate 1 unit 
Table II
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Table III: Characterization data of 1 kg of stabilized chicken feathers (SCF) with autoclave and surfactant 
using CML-IA EU25 modified method and excluding infrastructure processes and long term emissions. 
Impact category Unit 
Autoclave 
stabilized 
CFs 
Surfactant 
stabilized 
CFs 
Abiotic depletion kg Sb eq 3.57E-08 9.65E-07 
Abiotic depletion (fossil fuels) MJ 0.60E+01 1.03E+02 
Global warming (GWP100a) kg CO2 eq 4.10E+01 0.59E+01 
Ozone layer depletion (ODP) kg CFC-11 eq 6.41E-08 8.06E-07 
Human toxicity kg 1,4-DB eq 3.84E-02 5.72E-01 
Fresh water aquatic ecotox. kg 1,4-DB eq 4.94E-03 1.07E-01 
Marine aquatic ecotoxicity kg 1,4-DB eq 2.74E+02 3.42E+03 
Terrestrial ecotoxicity kg 1,4-DB eq 2.09E-04 2.59E-03 
Photochemical oxidation kg C2H4 eq 9.70E-05 1.88E-03 
Acidification kg SO2 eq 2.42E-03 3.53E-02 
Eutrophication kg PO4
-3 eq 7.58E-04 4.59E-02 
Agricultural land occupation m2 year 5.26E-03 6.21E-02 
Urban land occupation m2 year 1.47E-03 1.75E-02 
Natural land transformation m2 year 9.29E-06 1.10E-04 
Table III
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Table IV: Characterization factors values of composite plate with 20% of CFs with CML-IA EU25 modified method and excluding infrastructure processes and long-term emissions. 
Impact category Unit 
Total PLA production 
%PLA 
production 
CFs 
production 
% CFs 
production 
Composite 
production 
% Composite 
production 
Abiotic depletion kg Sb eq 5.72E-05 5.70E-05 99.98% 4.80E-09 0.01% 8.40E-09 0.01% 
Abiotic depletion (fossil fuels) MJ 3.30E+03 3.30E+03 99.93% 8.30E-01 0.03% 1.40E+00 0.04% 
Global warming (GWP100a) kg CO2 eq 2.46E+02 2.50E+02 99.94% 5.60E-02 0.02% 9.80E-02 0.04% 
Ozone layer depletion (ODP) kg CFC-11 eq 1.09E-05 1.10E-05 99.81% 7.70E-09 0.07% 1.30E-08 0.12% 
Human toxicity kg 1.4-DB eq 2.52E+01 2.50E+01 99.95% 4.80E-03 0.02% 8.00E-03 0.03% 
Fresh water aquatic ecotox. kg 1.4-DB eq 2.00E+01 2.00E+01 99.99% 6.90E-04 0.00% 1.20E-03 0.01% 
Marine aquatic ecotoxicity kg 1.4-DB eq 1.19E+05 1.20E+05 99.92% 3.70E+01 0.03% 6.30E+01 0.05% 
Terrestrial ecotoxicity kg 1.4-DB eq 5.67E-01 5.70E-01 99.98% 3.10E-05 0.01% 5.60E-05 0.01% 
Photochemical oxidation kg C2H4 eq 5.78E-02 5.80E-02 99.94% 1.30E-05 0.02% 2.20E-05 0.04% 
Acidification kg SO2 eq 1.59E+00 1.60E+00 99.95% 3.20E-04 0.02% 5.40E-04 0.03% 
Eutrophication kg PO4-3- eq 4.56E-01 4.60E-01 99.98% 4.50E-05 0.01% 3.80E-05 0.01% 
Agricultural land occupation m2 year 8.54E+01 8.50E+01 100.00% 5.70E-04 0.00% 8.90E-04 0.00% 
Urban land occupation m2 year 4.66E+00 4.70E+00 99.99% 1.80E-04 0.00% 3.00E-04 0.01% 
Natural land transformation m2 year 4.78E-03 4.80E-03 99.94% 1.20E-06 0.02% 1.90E-06 0.04% 
Table IV
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Table V: Characterization data of raising and slaughtering chicken feathers (CFs) needed to perform a 80% 
PLA-20% CFs plate using CML-IA method. Calculated using data from references[34, 44]. 
Impact for a 80% PLA – 
20% CFs plate 
Abiotic 
depletion 
Acidification 
potential 
Eutrophication 
potential 
Global 
Warming 
potential 
Terrestrial 
ecotoxicity 
Photochemical 
oxidation 
potential 
kg Sb eq kg SO2 eq kg PO43- eq kg CO2 eq 
kg 
1,4-DCB eq 
kg C2H4 eq 
Portuguese broiler 
chicken [34]  
3.82E-03 1.99E-02 9.21E-03 1.09E+00 - 1.54E-03 
France broiler chicken 
(standard system)[44] 
- 1.80E-02 9.36E-03 - 3.87E-03 - 
France broiler chicken 
(“Label Rouge”)[44] 
- 2.96E-02 1.28E-02 - 6.07E-03 - 
Brazil broiler chicken 
(large-scale system)[44] 
- 1.99E-02 9.45E-03 - 4.35E-03 - 
Brazil broiler chicken 
(small-scale system)[44] 
- 2.18E-02 9.74E-03 - 4.46E-03 - 
Average of scenarios 
3.82E-03 2.18E-02 1.01E-02 1.09E+00 4.69E-03 1.54E-03 
Composite production 
impact 
5.72E-05 1.59E+00 4.56E-01 2.46E+02 5.67E-01 5.78E-02 
Total impact 
3.88E-03 1.61E+00 4.66E-01 2.47E+02 5.72E-01 5.93E-02 
% of raising and 
slaughtering CFs over the 
total plate EIs 
9.80E-01 1.35E-02 2.17E-02 4.40E-03 8.20E-03 2.59E-02 
Table V
